The production mechanisms and decay modes of the heavy neutral and charged Higgs bosons in the Minimal Supersymmetric Standard Model are investigated at future e + e − colliders in the TeV energy regime. We generate supersymmetric particle spectra by requiring the MSSM Higgs potential to produce correct radiative electroweak symmetry breaking, and we assume a common scalar mass m 0 , gaugino mass m 1/2 and trilinear coupling A, as well as gauge and Yukawa coupling unification at the Grand Unification scale. Particular emphasis is put on the low tan β solution in this scenario where decays of the Higgs bosons to Standard Model particles compete with decays to supersymmetric charginos/neutralinos as well as sfermions. In the high tan β case, the supersymmetric spectrum is either too heavy or the supersymmetric decay modes are suppressed, since the Higgs bosons decay almost exclusively into b and τ pairs. The main production mechanisms for the heavy Higgs particles are the associated AH production and H + H − pair production with cross sections of the order of a few fb.
Introduction
Supersymmetric theories [1, 2] are generally considered to be the most natural extensions of the Standard Model (SM). This proposition is based on several points. In these theories, fundamental scalar Higgs bosons [3, 4] with low masses can be retained in the context of high unification scales. Moreover, the prediction [5] of the renormalized electroweak mixing angle sin 2 θ W = 0.2336 ± 0.0017, based on the spectrum of the Minimal Supersymmetric Standard Model (MSSM) [6] , is in striking agreement with the electroweak precision data which yield sin 2 θ W = 0.2314(3) [7] . An additional attractive feature is provided by the opportunity to generate the electroweak symmetry breaking radiatively [8] . If the top quark mass is in the range between ∼ 150 and ∼ 200 GeV, the universal squared Higgs mass parameter at the unification scale decreases with decreasing energy and becomes negative at the electroweak scale, thereby breaking the SU(2) L × U(1) Y gauge symmetry while leaving the U(1) electromagnetic and SU(3) color gauge symmetries intact [8] . The analysis of the electroweak data prefers a light Higgs mass [7, 9] as predicted in supersymmetric theories; however since the radiative corrections depend only logarithmically on the Higgs mass [10] , the dependence is weak and no firm conclusions can yet be drawn.
The more than doubling the spectrum of states in the MSSM gives rise to a rather large proliferation of parameters. This number of parameters is however reduced drastically by embedding the low-energy supersymmetric theory into a grand unified (GUT) framework. This can be achieved in supergravity models [8] , in which the effective lowenergy supersymmetric theory [including the interactions which break supersymmetry] is described by the following parameters: the common scalar mass m 0 , the common gaugino mass m 1/2 , the trilinear coupling A, the bilinear coupling B, and the Higgs-higgsino mass parameter µ. In addition, two parameters are needed to describe the Higgs sector: one Higgs mass parameter [in general the mass of the pseudoscalar Higgs boson, M A ] and the ratio of the vacuum expectation values, tan β = v 2 /v 1 , of the two Higgs doublet fields which break the electroweak symmetry.
The number of parameters can be further reduced by introducing additional constraints which are based on physically rather natural assumptions:
(i) Unification of the b and τ Yukawa couplings at the GUT scale [11] leads to a correlation between the top quark mass and tan β [12, 13, 14] . Adopting the central value of the top mass as measured at the Tevatron [15] , tan β is restricted to two narrow ranges around tan β ∼ 1.7 and tan β ∼ 50, with the low tan β solution theoretically somewhat favored [14] .
(ii) If the electroweak symmetry is broken radiatively, then the bilinear coupling B and the Higgs-higgsino mass parameter µ are determined up to the sign of µ. [The sign of µ might be determined by future precision measurements of the radiative b decay amplitude.] (iii) It turns out a posteriori that the physical observables are nearly independent of the GUT scale value of the trilinear coupling A G , for |A G | < ∼ 500 GeV. Mass spectra and couplings of all supersymmetric particles and Higgs bosons are determined after these steps by just two mass parameters along with the sign of µ; we shall choose to express our results in terms of the pseudoscalar Higgs boson A mass M A and the common GUT gaugino mass m 1/2 .
In this paper we focus on heavy Higgs particles A, H and H ± with masses of a few hundred GeV, and therefore close to the decoupling limit [16] . The pattern of Higgs masses is quite regular in this limit. 
Moreover, the properties of the lightest CP-even Higgs boson h become SM-like in this limit. Close to this decoupling limit, the cross section for H Higgs-strahlung e + e − → ZH is very small and the cross section for the W W fusion mechanism e + e − → ν eνe H is appreciable only for small values of tan β, tan β ∼ 1, and relatively small H masses, M H < ∼ 350 GeV. The cross section for ZZ fusion of the H is suppressed by an order of magnitude compared to W W fusion. The pseudoscalar A particle does not couple to W/Z boson pairs at the tree level.
The decay pattern for heavy Higgs bosons is rather complicated in general. For large tan β the SM fermion decays prevail. For small tan β this is true above the tt threshold of M H,A > ∼ 350 GeV for the neutral Higgs bosons and above the tb threshold of M H ± > ∼ 180 GeV for the charged Higgs particles. Below these mass values many decay channels compete with each other: decays to SM fermions ff [and for H to gauge bosons V V ], Higgs cascade decays, chargino/neutralino χ i χ j decays and decays to supersymmetric sfermionsff
In this paper, we analyze in detail the decay modes of the heavy Higgs particles and their production at e + e − linear colliders. The analysis will focus on heavy particles for which machines in the TeV energy range are needed. The paper is organized in the following way. In the next section we define the physical set-up of our analysis in the framework of the MSSM embedded into a minimal supergravity theory. In section 3, we discuss the production cross sections of the heavy Higgs bosons. In the subsequent sections, we discuss the widths of the various decay channels and the final Higgs decay products. For completeness, analytical expressions for supersymmetric particle masses and couplings will be collected in the Appendix.
The Physical Set-Up
The Higgs sector of the Minimal Supersymmetric Standard Model is described at tree-level by the following potential
The 
fixed by the W mass, v = 246 GeV] is the ratio of the vacuum expectation values of the fields H 0 2 and H 0 1 , the superpotential is given in terms of the superfields Q = (t, b) and L = (τ, ν τ ) by
1 Note that our convention for the sign of µ is consistent with Ref. [18] , which is opposite to the one adopted in Ref. [19] .
Supersymmetry is broken by introducing the soft-supersymmetry breaking binoB, winõ W a [a =1-3] and gluinog a [a =1-8] mass terms,
soft-supersymmetry breaking trilinear couplings,
and soft-supersymmetry breaking squark and slepton mass terms
6) where the ellipses stand for the soft mass terms corresponding to the first and second generation sfermions.
The minimal SUSY-GUT model emerges by requiring at the GUT scale M G :
(i) the unification of the U(1), SU(2) and SU(3) coupling constants
(ii) a common gaugino mass; the M i with i =1-3 at the electroweak scale are then related through renormalization group equations (RGEs) to the gauge couplings,
Besides the three parameters m 1/2 , A G and m 0 the supersymmetric sector is described at the GUT scale by the bilinear coupling B G and the Higgs-higgsino mass parameter µ G . The theoretically attractive assumption that the electroweak symmetry is broken radiatively constrains the latter two parameters. Indeed, radiative electroweak symmetry breaking results in two minimization conditions [see Ref. [19] for details] of the Higgs potential; at the low-energy scale in the tree approximation, they are given by are related to M A through the RGEs, the solution for µ and B can be approximately expressed as a function of M A and tan β. The power of supergravity models with radiative electroweak symmetry breaking becomes apparent when one includes the one-loop contributions to the Higgs potential. It is through these one-loop terms that most of the supersymmetric particle masses are determined; the minimization conditions [which are also solved for µ to within a sign and B] fix the masses in order that the electroweak symmetry is broken correctly, i.e. with the correct value of M Z . [U(1) EM and SU(3) remain unbroken of course]. The one-loop contributions and the minimization equations are given in Ref. [19] to which we refer for details.
A heavy top quark is required to break the electroweak symmetry radiatively, since it is the large top Yukawa coupling which will drive one of the Higgs mass parameters squared to a negative value. As emphasized before, the additional condition of unification of the b-τ Yukawa couplings gives rise to stringent constraints on tan β. The attractive idea of explaining the large top Yukawa coupling as a result of a fixed point solution of the RGEs leads to a relationship between M t and the angle β, M t ≃ (200 GeV) sin β for tan β < ∼ 10, giving a further constraint on the model. To limit the parameter space further, one could require that the SUGRA model is not fine-tuned and the SUSY breaking scale should not be too high, a constraint which can be particularly restrictive in the small tan β region. However, the degree of fine-tuning which can be considered acceptable is largely a matter of taste, so we disregard this issue in our analysis.
We now detail the calculations of the supersymmetric particle spectrum more precisely. We incorporate boundary conditions at both electroweak and GUT scales, adopting the ambidextrous approach of Ref. [19] . We specify the values of the gauge and Yukawa couplings at the electroweak scale, in particular M t , tan β and α s . The gauge and Yukawa couplings are then evolved to the GUT scale M G [defined to be the scaleμ for which α 1 (μ) = α 2 (μ)] using the two-loop RGEs [13] . At M G we specify the soft supersymmetry breaking parameters m 1/2 , m 0 and A G . We then evolve parameters down to the electroweak scale where we apply the one-loop minimization conditions derived from the one-loop effective Higgs potential and solve for µ to within a sign and B [we then can integrate the RGEs back to M G and obtain µ G and B G ]. By this procedure, the supersymmetric spectrum is completely specified; that is, we generate a unique spectrum corresponding to particular values of m 1/2 , m 0 , A G , tan β and the sign of µ. It turns out that the spectrum is nearly independent of A G , for |A G | < ∼ 500 GeV. In most of our calculations, we substitute a particular value of M A for m 0 in order to introduce a mass parameter which can be measured directly; in this case the value of m 0 is chosen [by iteration] so as to produce the desired value of M A .
We discuss the SUSY spectrum and its phenomenological implications for two representative points in the M t -tan β plane 2 . We choose M pole t = 175 GeV, consistent with the most recent Tevatron analyses [15] throughout our calculations, and values of tan β = 1.75 and 50, which are required (within uncertainties) by b-τ unification at M G . In particular, we emphasize the low tan β solutions; they are theoretically favored from considerations such as b → sγ [21] and cosmological constraints [22] . The low tan β solutions generate much lighter SUSY spectra, more likely to be seen at future e + e − colliders. In both the low and high tan β regions we take 3 α s (M Z ) = 0.118 [23] and A G = 0, though the qualitative behavior in each region should not depend greatly on these parameters.
(a) Low tan β As a typical example of the low tan β region we consider the point M pole t = 175 GeV and tan β = 1.75 for which λ t (M G ) lies in its "fixed-point" region [12, 14] . If M A is fixed, the scalar mass parameter m 0 can be calculated as a function of the common gaugino mass parameter m 1/2 so that all Higgs and supersymmetric particle masses can in principle be parameterized by m 1/2 . The correlation between m 0 and m 1/2 is shown in Fig.2 for three values of M A = 300, 600 and 900 GeV in the low tan β region.
Some of the parameter space is already eliminated by experimental bounds on the light Higgs mass, the chargino/neutralino masses, the light stop mass, the slepton masses and the squark/gluino masses from LEP1/1.5 and the Tevatron [24] 2 Our numerical analysis is consistent with the numbers obtained in Ref. [20] , once their value of A τ in Tab.2 is corrected. We thank W. de Boer for a discussion on this point.
3 This corresponds to the sin 2 θ W value quoted and compared with the high-precision electroweak analyses in the Introduction.
in this scenario, the pseudoscalar A is rather heavy especially for large values of m 0 , and thus is almost mass degenerate with the heavy CP-even and charged Higgs bosons, The left-and right-handed charged sleptons and sneutrinos are almost mass degenerate, the mass differences not exceeding O(10) GeV; the mixing in the τ sector is rather small for small tan β, allowing one to treat all three generations of sleptons on the same footing. In the case of squarks, only the first two generations are degenerate, with leftand right-handed squarks having approximately the same mass. The mixing in the stop as well as in the sbottom sector leads to a rather substantial splitting between the two stop or sbottom mass eigenstates. Only for small values of M A and for µ < 0 isb 1 the lightest squark; otherwiset 1 is the lightest squark state. Note that the squark masses increase with m 1/2 and that they scale as M A i.e. as |µ|. The slepton masses decrease with increasing m 1/2 : this is due to the fact that when m 1/2 increases and M A is held constant, m 0 decreases [see = 175 GeV, we find solutions only for µ < 0; this is a result of the large oneloop contribution to M A , the sign of which depends on µ [25] . The boundary contours given in the figure correspond to tachyonic solutions in the parameter space: m
h < 0 at the tree-level. The latter constraint is important for algorithmic reasons: M 2 h at the tree-level enters into the minimization equations in the form of a logarithm [19] . Also the requirement of the lightest neutralino to be the LSP excludes a small edge of the parameter space at small values of m 0 ; this explains why the curves for M A = 300 and 600 GeV are not extended to low m 0 values. The sparticle spectra for M A = 300 and 600 GeV and two sets of m 1/2 and (extreme) m 0 values are shown in Table 1 . In all these cases, the particle spectrum is very heavy; hence most of the SUSY decay channels of the Higgs particles are shut for large tan β. The only allowed decay channels are H, A →τ 1τ1 , χ There are additional experimental constraints on the parameter space for both high and low tan β; the most important of these are the b → sγ, Z → bb, and dark matter [relic LSP abundance] constraints. These constraints are much more restrictive in the high tan β case.
Recent studies [21] have indicated that the combination of b → sγ, dark matter and m b constraints disfavor the high tan β solution for which the t, b and τ Yukawa couplings are equal, in particular the minimal SUSY-SO(10) model with universal softsupersymmetry breaking terms at M G . This model can, however, be saved if the soft terms are not universal [implying a higgsino-like lightest neutralino], and there exist theoretical motivations for non-universal soft terms at M G [26] . The presently favored Z → bb decay width would favor a very low A mass for large tan β.
For low tan β, these additional constraints do not endanger the model, yet they can significantly reduce the available parameter space. In particular the Z → bb constraint favors a light chargino and light stop for small to moderate values of tan β [27, 28] so that they could be detected at LEP2 [28] . The dark matter constraint essentially places an upper limit on m 0 and m 1/2 [29] . The b → sγ constraint [30] , on the other hand, is plagued with large theoretical uncertainties mainly stemming from the unknown next-toleading QCD corrections and uncertainties in the measurement of α s (M Z ). However, it is consistent with the low tan β solution and may in the future be useful in determining the sign of µ [31] .
Production Mechanisms
The main production mechanisms of neutral Higgs bosons at e + e − colliders are the Higgsstrahlung process and pair production, (a) Higgs-strahlung The production cross sections 4 for the neutral Higgs bosons are suppressed by mixing angle factors compared to the SM Higgs production,
A should be replaced by M 2 Z ; finally, the minus sign in the interference term in eq. (25) should be replaced by a plus sign.
while the cross section for the charged Higgs particle does not depend on any parameter other than M H ± .
In the decoupling limit, M A ≫ M Z , the HV V coupling vanishes, while the hV V coupling approaches the SM Higgs value
Hence, the only relevant mechanisms for the production of the heavy Higgs bosons in this limit will be the associated pair production (b) and the pair production of the charged Higgs particles (d). The cross sections, in the decoupling limit and for
where
is the velocity of Higgs bosons, the Z couplings to electrons are given by a e = −1, v e = −1 + 4 sin 2 θ W , and to the charged Higgs boson by
The cross sections for hA and HZ production vanish in the decoupling limit since they are proportional to cos 2 (β − α).
The cross section for the fusion process, e + e − →ν e ν e H, is enhanced at high energies since it scales like M −2 W log s/M 2 H . This mechanism provides therefore a useful channel for H production in the mass range of a few hundred GeV below the decoupling limit and small values of tan β, where cos 2 (β−α) is not prohibitively small; the cross section, though, becomes gradually less important for increasing M H and vanishes in the decoupling limit. In the high energy regime, the W W → H fusion cross section is well approximated by the expression
obtained in the effective longitudinal W approximation. Since the NC couplings are small compared to the CC couplings, the cross section for the ZZ fusion process is ∼ 16 cos 4 θ W , i.e. one order of magnitude smaller than for W W fusion.
Numerical results for the cross sections are shown in Fig.5 small tan β values, tan β < ∼ 2, a few hundred events are predicted in the W W → H fusion process for H masses ∼ 300 GeV. The cross sections for the hA and HZ processes are too low, less than ∼ 0.1 fb, to be useful for M H > ∼ 300 GeV; Fig.5b .
Note that the cross sections for the production of the lightest Higgs boson h in the decoupling limit and for √ s ≫ M Z , M h are simply given by
The cross sections are the same as for the SM Higgs particle and are very large ∼ 100 fb, especially for the W W fusion mechanism.
Decay Modes 4.1 Decays to standard particles
For large tan β the Higgs couplings to down-type fermions dominate over all other couplings. As a result, the decay pattern is in general very simple. The neutral Higgs bosons will decay into bb and τ + τ − pairs for which the branching ratios are close to ∼ 90 % and ∼ 10 %, respectively. The charged Higgs particles decay into τ ν τ pairs below and into tb pairs above the top-bottom threshold.
The partial decay widths of the neutral Higgs bosons 5 , Φ = H and A, to fermions are given by [4] 
with p = 3(1) for the CP-even (odd) Higgs bosons;
is the velocity of the fermions in the final state, N c the color factor. For the decay widths to quark pairs, the QCD radiative corrections are large and must be included; for a recent update and a more detailed discussion, see Ref. [34] . Table 2 .
The couplings of the MSSM neutral Higgs bosons [normalized to the SM Higgs coupling
Tab. 2: Higgs boson couplings in the MSSM to fermions and gauge bosons relative to the SM Higgs couplings.
In the decoupling limit,
Therefore the hf f couplings reduce to the SM Higgs couplings, while the Hf f couplings become equal to those of the pseudoscalar boson A,
The partial width of the decay mode H + → ud is given by
with V ud the CKM-type matrix element for quarks and λ is the two-body phase space function defined by
For decays into quark pairs, the QCD corrections must be also included.
Below thett threshold, a variety of channels is open for the decays of the heavy CPeven Higgs bosons, the most important being the cascade decays H → ΦΦ with Φ = h or A, with a partial width [for real light Higgs bosons]
where 
In the decoupling limit, these couplings approach the values
In the mass range above the W W and ZZ thresholds, where the HV V couplings are not strongly suppressed for small values of tan β, the partial widths of the H particle into massive gauge bosons can also be substantial; they are given by
For small values of tan β and below thett and the tb thresholds, the pseudoscalar and charged Higgs bosons can decay into the lightest Higgs boson h and a gauge boson; however these decays are suppressed by cos 2 (β − α) and therefore are very rare for large A masses. The partial decay widths are given by
In the decoupling limit, the partial widths of all decays of the heavy CP-even, CPodd and charged Higgs bosons involving gauge bosons vanish since cos 2 (β − α) → 0. In addition, the H → hh decay width is very small since it is inversely proportional to M H , and H → AA is not allowed kinematically. Therefore, the only relevant channels are the decays intobb/tt for the neutral and tb for the charged Higgs bosons. The total decay widths of the three bosons H, A and H ± , into standard particles can be approximated in this limit by
[We have neglected the small contribution of the decays into τ leptons for large tan β.]
Decays to charginos and neutralinos
The decay widths of the Higgs bosons H k [k = (1, 2, 3, 4) correspond to (H, h, A, H ± )] into neutralino and chargino pairs are given by [35] 
where η 1,2,4 = +1, η 3 = −1 and δ ij = 0 unless the final state consists of two identical (Majorana) neutralinos in which case δ ii = 1; ǫ i = ±1 stands for the sign of the i'th eigenvalue of the neutralino mass matrix [the matrix Z is defined in the convention of Ref. [18] , and the eigenvalues of the mass matrix can be either positive or negative] while ǫ i = 1 for charginos; λ ij,k is the usual two-body phase space function given in eq.(4.6).
In the case of neutral Higgs boson decays, the coefficients F ijk are related to the elements of the matrices U, V for charginos and Z for neutralinos,
with the coefficients e k and d k given by
For the charged Higgs boson, the coupling to neutralino/chargino pairs are given by
The matrices U, V for charginos and Z for neutralinos are given in Appendix A.
Since in most of the parameter space discussed in Section 2, the Higgs-higgsino mass parameter |µ| turned out to be very large, |µ| ≫ M 1 , M 2 , M Z , it is worth discussing the Higgs decay widths into charginos and neutralinos in this limit. First, the decays of the neutral Higgs bosons into pairs of [identical] neutralinos and charginos H k → χ i χ i will be suppressed by powers of M 2 Z /µ 2 . This is due to the fact that neutral Higgs bosons mainly couple to mixtures of higgsino and gaugino components, and in the large µ limit, neutralinos and charginos are either pure higgsino-or pure gaugino-like. For the same reason, decays H + → χ will be the dominant decay channels of the heavy Higgs particles. Up to the phase space suppression [i.e. for M A sufficiently larger than |µ|], the partial widths of these decay channels, in units of
, are given by [35] Γ(H → χ
[We have used the fact that in the decoupling limit sin 2α = − sin 2β.] If all these channels are kinematically allowed, the total decay widths of the heavy Higgs bosons to chargino and neutralino pairs will be given by the expression
which holds universally for all the three Higgs bosons H, A, H ± .
Decays to squarks and sleptons
Decays of the neutral and charged Higgs bosons, H k = h, H, A, H ± , to sfermion pairs can be written as
f i with i = 1, 2 are the sfermion mass eigenstates which are related to the current eigen-
The mixing angles θ f are proportional to the masses of the partner fermions and they are important only in the case of third generation sfermions. The couplings g H kfif ′ j of the neutral and charged Higgs bosons H k to sfermion mass eigenstates are superpositions of the couplings of the current eigenstates,
The elements of the 4 × 4 matrix T are given in Tab 
with the coefficients g αβ 1/2 with α, β = L, R listed in Table 3c .
Tab. 3a: Transformation matrix for the Higgs couplings to sfermions in the presence of mixing.
Tab. 3b: Coefficients in the couplings of neutral Higgs bosons to sfermion pairs.
Tab. 3c: Coefficients in the couplings of charged Higgs bosons to sfermion pairs.
Mixing between sfermions occurs only in the third-generation sector. For the first two generations the decay pattern is rather simple. In the limit of massless fermions, the pseudoscalar Higgs boson does not decay into sfermions since by virtue of CP-invariance it couples only to pairs of left-and right-handed sfermions with the coupling proportional to m f . In the asymptotic regime, where the masses M H,H ± are large, the decay widths of the heavy CP-even and charged [36] Higgs bosons into sfermions are proportional to
These decay modes can be significant only for low values tan β [which implies sin 2 2β ∼ 1]. However, in this regime the decay widths are inversely proportional to M H , and thus cannot compete with the decay widths into charginos/neutralinos and ordinary fermions which increase with increasing Higgs mass. Therefore, the decays into first and second generations are unlikely to be important.
In the case of the third generation squarks, the Higgs decay widths can be larger by more than an order of magnitude. For instance the decay widths of the heavy neutral Higgs boson into top squarks of the same helicity is proportional to
in the asymptotic region, and it will be enhanced by large coefficients [for small tan β] compared to first/second generation squarks. Conversely, the decay widths into sbottom quarks can be very large for large tan β. Furthermore, the decays of heavy neutral CPeven and CP-odd Higgs bosons to top squarks of different helicities will be proportional in the asymptotic region [and for the CP-even, up to the suppression by mixing angle] to
For µ and A t values of the order of the Higgs boson masses, these decay widths will be competitive with the chargino/neutralino and standard fermion decays. Therefore, if kinematically allowed, these decay modes have to be taken into account.
Numerical results
The decay widths of the H, A and H ± Higgs bosons into the sum of charginos and neutralinos, squark or slepton final states, as well as the standard and the total decay widths are shown in Figs.6a, 7a and 8a as a function of m 1/2 for two values of the pseudoscalar Higgs boson mass M A = 300 and 600 GeV, and for positive and negative µ values; tan β is fixed to 1.75. Fig.6a shows the various decay widths for the heavy CP-even Higgs boson. For M A = 300 GeV, the H → tt channel is still closed and the decay width into standard particles is rather small, being of O(250) MeV. In this case, the decays into the lightest stop squarks which are kinematically allowed for small values of m 1/2 will be by far the dominant decay channels. This occurs in most of the m 1/2 range if µ > 0, but if µ < 0 only for m 1/2 < ∼ 50 GeV which is already ruled out by CDF and LEP1.5 data.
The decays into charginos and neutralinos, although one order of magnitude smaller than stop decays when allowed kinematically, are also very important. They exceed the standard decays in most of the m 1/2 range, except for large values of m 1/2 and µ < 0 where no more phase space is available for the Higgs boson to decay into combinations of the heavy and light chargino/neutralino states. For small m 1/2 values, chargino and neutralino decays can be larger than the standard decays by up to an order of magnitude.
As expected, the decay widths into sleptons are rather small and they never exceed the widths into standard particles, except for large values of m 1/2 . Note that due to the isospin and charge assignments, the coupling of the H boson to sneutrinos is approximately a factor of two larger than the coupling to the charged sleptons. Since all the sleptons of the three generations are approximately mass degenerate [the mixing in theτ sector is very small for low values of tan β], the small decay widths into sleptons are given by the approximate relation:
For larger values of M H , M H > ∼ 350 GeV, the decay widths into supersymmetric particles have practically the same size as discussed previously. However, since the H → tt channel opens up, the decay width into standard model particles becomes rather large, O(10 GeV), and the supersymmetric decays are no longer dominant. For M H ≃ 600 GeV, Fig.6a , only the H →qq decay width can be larger than the decay width to standard particles; this occurs in the lower range of the m 1/2 values. The chargino/neutralino decays have a branching ratio of ∼ 20%, while the branching ratios of the decays into sleptons are below the 1% level. Fig.6b and 6c show the individual decay widths of the heavy H boson with a mass M H ≃ 600 GeV into charginos, neutralinos, stop quarks and sleptons for the set of parameters introduced previously. For decays into squarks, only the channels H →t 1t1 ,t 1t2 , and in a very small range of m 1/2 values the channel H →b 1b1 , are allowed kinematically [see Fig.3c ]. The decay into two different stop states is suppressed by the [small] mixing angle, and due to the larger phase space the decay H →t 1t1 is always dominating.
For the decays into chargino and neutralinos, the dominant channels are decays into mixtures of light and heavy neutralinos and charginos, in particular H → χ are suppressed since they are proportional to (1 − sin 2β), and all other decay channels are suppressed by powers of M 2 Z /µ 2 for large |µ| values.
The decay widths for the pseudoscalar Higgs boson are shown in Fig.7a . There are no decays into sleptons, since the only decay allowed by CP-invariance, A →τ 1τ2 , is strongly suppressed by the very smallτ mixing angle. For M A = 300 GeV, the decay into the two stop squark eigenstates, A →t 1t2 , is not allowed kinematically and the only possible supersymmetric decays are the decays into charginos and neutralinos. The sum of the decay widths into these states can be two orders of magnitude larger than the decay width into standard particles.
For values of M A above the tt threshold, the decay width into charginos and neutralinos is still of the same order as for low M A , but because of the opening of the A → tt mode, the total decay width increases dramatically and the chargino/neutralino decay branching ratio drops to the level of 20%. As in the case of the heavy CP-even Higgs boson H, the relative decay widths of the pseudoscalar boson into charginos and neutralinos, Fig.7b , are larger for the channels involving mixtures of light and heavy neutralinos or charginos; the dominant decay modes are, roughly, A → χ For small values of the common gaugino mass, m 1/2 < ∼ 100 GeV, the decay mode of the pseudoscalar Higgs boson into stop squarks, A →t 1t2 , is phase space allowed. In this case, it is competitive with the top-antitop decay mode. As discussed previously, the 1/M 2 A suppression [and to a lesser extent the suppression due to the mixing angle] of the A →t 1t2 decay width compared to Γ(A → tt) will be compensated by the enhancement of the At 1t2 coupling for large values of µ and A t . Fig.8a shows the decay widths for the charged Higgs boson. Since the dominant decay channel H + → tb is already open for M H ± ≃ 300 GeV [although still slightly suppressed by phase space], the charged Higgs decay width into standard particles is rather large and it increases only by a factor of ∼ 4 when increasing the pseudoscalar mass to M A = 600 GeV. The situation for the supersymmetric decays is quite similar for the two masses: the chargino/neutralinos decay modes have branching ratios of the order of a few ten percent, while the branching ratios for the decays into sleptons, when kinematically allowed, do not exceed the level of a few percent, as expected. Only the decay H + →t 1b1 , the only squark decay mode allowed by phase space [see Fig.3c ] for relatively low values of m 1/2 , is competitive with the tb decay mode.
The decay widths of the charged Higgs into the various combinations of charginos and neutralinos are shown in Fig.8b for M H ± ∼ 600 GeV. The dominant channels are again decays into mixtures of gauginos and higgsinos, since |µ| is large. The pattern follows approximately the rules of eq.(4.22), modulo phase suppression.
As discussed in section 2, since the chargino, neutralino and sfermion masses scale as M A , the situation for even larger values of the pseudoscalar Higgs boson mass, M A ∼ 1 TeV, will be qualitatively similar to what has been discussed for M A ∼ 600 GeV. The only exception is that there will be slightly more phase space available for the supersymmetric decays to occur.
Final Decay Products of the Higgs Bosons
In this section, we will qualitatively describe the final decay products of the produced Higgs bosons. Assuming that M A is large, M A > ∼ 500 GeV, the decays into standard particles [and more precisely, the tt for the neutral and the tb decays for the charged Higgs bosons] always have substantial branching ratios, even for the value tan β = 1.75 which will be chosen for the discussion. Therefore, to investigate decays into SUSY particles in the main production processes, e + e − → HA and H + H − , one has to look for final states where one of the Higgs bosons decays into standard modes while the other Higgs boson decays into charginos, neutralinos or stop squarks. As discussed previously, the decays into the other squarks are disfavored by phase space, while the branching ratios into sleptons are always small and can be neglected.
Let us first discuss the case where one of the Higgs bosons decays into chargino and neutralino pairs,
The lightest chargino χ + 1 and next-to-lightest neutralino χ 0 2 decay into [possibly virtual] W, Z and the lightest Higgs boson h, assuming that decays into sleptons and squarks are kinematically disfavored. In the limit of large |µ|, the decay widths [in the decoupling limit] are proportional to [37] Γ(χ
In most of the parameter space, the W/Z/h are virtual [in addition to the three-body phase space factors, the decay widths are suppressed by powers of For large values of m 1/2 , the sleptons become rather light compared to the gauginos and the decays of the light chargino and neutralino into leptons+sleptons are kinematically possible. In this case, these cascade decays become dominant since the partial widths for large |µ| are given by
and therefore not suppressed by powers of M Z M 2 /µ 2 , unlike the previous decay modes [we assume of course that there is no suppression by phase-space]. The sleptons will then decay into the LSP and massless leptons, leading to multi-lepton final states.
The heavier chargino, in the absence of squark and slepton decay modes, will decay preferentially into the lightest chargino and neutralinos plus gauge or light Higgs bosons. The decay widths, in units of
) may be approximated in the decoupling limit by [37] 
The branching ratios for the various final states are roughly equal. Since χ + 2 is almost higgsino-like, the decay widths into sleptons and partners of the light quarks, when kinematically allowed, are extremely small since they are suppressed by powers of m
Because of the large m t value, only the decays into stop squarks and bottom quarks will be very important. This decay is allowed in most of the parameter space for M A > ∼ 600 GeV and, up to suppression by mixing angles, it is enhanced by a power m
compared to the other decays. Therefore, when kinematically possible, this decay will be the dominant decay mode of the heavy charginos.
For the heavier neutralinos, χ 0 3,4 , the decay widths into W/Z/h bosons, again in units
) may be be written in the decoupling limit as [37] 
The dominant mode is the charged decay, χ We now turn to the case where one of the produced Higgs particles decays into stop squarks The heavier stop squark, in addition to the previous modes, has decay channels with t 1 and Z/h bosons in the final statẽ
These decays, in particular the decay into the lightest Higgs boson h, will be dominant in the large |µ| limit, since they will be enhanced by powers of µ 2 .
Appendix A: Chargino and Neutralino Masses and Couplings
In this Appendix we collect the analytical expressions of the chargino and neutralino masses and couplings, and we discuss the limit in which the Higgs-higgsino mass parameter |µ| is large.
The general chargino mass matrix [18] ,
is diagonalized by two real matrices U and V ,
where σ is the matrix
with the appropriate signs depending upon the values of M 2 , µ, and tan β in the chargino mass matrix. O ± is given by:
This leads to the two chargino masses, the χ + 1,2 masses m χ
In the limit |µ| ≫ M 2 , M Z , the masses of the two charginos reduce to
where ǫ µ is for the sign of µ. For |µ| → ∞, the lightest chargino corresponds to a pure wino state with mass m χ + 1 ≃ M 2 , while the heavier chargino corresponds to a pure higgsino state with a mass m χ
In the case of the neutralinos, the four-dimensional neutralino mass matrix depends on the same two mass parameters µ and M 2 , if the GUT relation 
It can be diagonalized analytically [38] by a single real matrix Z; the [positive] masses of the neutralino states m χ 0 i are given by
where ǫ i = ±1; the coefficients C i and a are given by
and
In the limit of large |µ| values, the masses of the neutralino states simplify to The matrix elements of the diagonalizing matrix, Z ij with i, j = 1, ..4, are given by
where ǫ i is the sign of the ith eigenvalue of the neutralino mass matrix, which in the large |µ| limit are: ǫ 1 = ǫ 2 = 1 and ǫ 4 = −ǫ 3 = ǫ µ .
Appendix B: Sfermion Masses and Mixing
We now present the explicit expressions of the squark and slepton masses. We will assume a universal scalar mass m 0 and gaugino mass m 1/2 at the GUT scale, and we will neglect the Yukawa couplings in the RGE's [see Appendix C]. For third generation squarks this is a poor approximation since these couplings can be large; these have been taken into account in the numerical analysis.
By performing the RGE evolution to the electroweak scale, one obtains for the left-and right-handed sfermion masses at one-loop order [we include the full two-loop evolution of the masses in the numerical analysis]
T 3f and e f are the weak isospin and the electric charge of the corresponding fermion f , and F i are the RGE coefficients for the three gauge couplings at the scale Q ∼ M Z , given by
The coefficients b i , assuming that all the MSSM particle spectrum contributes to the evolution from Q to the GUT scale M G , are
The coefficients c(f) = (c 1 , c 2 , c 3 )(f ) depend on the hypercharge and color of the sfermions 
Appendix C: Renormalization Group Equations
Finally, we collect for completeness the renormalization group equations for the soft-SUSY breaking parameters [the trilinear couplings, scalar masses as well as for µ and B], including the dependence on A t , A b and A τ . We restrict ourselves to the one-loop RGE's and we keep only the leading terms in the mass hierarchy in the MSSM with three fermion generations. The complete expressions for the RGE's can be found in Refs. [13, 19] .
For the trilinear couplings of the third generation sfermions, the RGE's are given by
For the first and second generation sfermions, these expressions reduce to dA u dt = 2 16π 2 c i g Fig. 1 : Masses of the CP-even Higgs bosons h, H and of the charged Higgs particles H ± as a function of M A for two values of tan β = 1.75 and 50; the common squark mass M S at the weak scale is fixed to M S = 1 TeV and we take µ = A t = 0. 
